Meniere's disease (MD) is a disorder of the inner ear characterized by episodes of vertigo, tinnitus and fluctuating sensorineural hearing loss. Most MD cases are sporadic, but 5-15% of patients are familial following an autosomal dominant mode of inheritance with incomplete penetrance. We have previously identified a candidate gene region for MD on chromosome 12p12.3 using linkage analysis. We genotyped 15 Swedish families segregating familial MD (FMD) to further clarify the role of chromosome 12p in a larger cohort of families. Highly polymorphic marker loci were analyzed over the 16-Mb candidate region in affected and healthy family members as well as in control subjects. The results revealed allelic association between FMD and several individual polymorphic marker alleles and single-nucleotide polymorphisms. Moreover, a common three-marker haplotype spanning 1.48 Mb co-segregates with FMD in 60% of the families investigated, forming the core of a possible ancestral haplotype associated with FMD in Sweden.
INTRODUCTION
Meniere's disease (MD) is a disorder of the inner ear characterized by recurrent spontaneous and episodic vertigo, with fluctuating sensorineural hearing loss, aural fullness and tinnitus. The cause is not known, but it is believed that endolymphatic hydrops is a pathophysiological condition closely associated with the disease. 1,2 The prevalence of MD range between 17 and 218 per 100 000 3-6 and an incidence of 47 per 100 000 was reported in a Swedish study. 7 Although the majority of cases with MD are sporadic, various studies estimate the frequency of familial cases to be between 5 and 15%. [8] [9] [10] [11] [12] [13] The inheritance pattern from the analysis of familial cases is likely to be autosomal dominant with a reduced penetrance. Anticipation including both earlier onset and tendency to more severe symptoms in successive generations has also been suggested from a few studies. 10, 11, 14 Genetic factors in MD are now widely recognized, but no causative gene variants have been reported despite several suggested candidate genes. Early attempts to identify genetic factors associated with MD include the analysis of the histocompatibility antigens, but no consistent association has been verified. 11, 15 Human non-syndromic deafness with vestibular dysfunction (DFNA9) shares several clinical symptoms with MD. [16] [17] [18] DFNA9 segregates COCH gene mutations; however, no mutations in COCH have yet been identified in MD patients. 19, 20 Other candidates that have been ruled out include the genes encoding Antiquitin (ATQ1) and Aquaporin 2 (AQP2), which are important for fluid balance and endolymph homeostasis. 21, 22 A mutation in the a-adductin gene has been proposed as a possible mechanism leading to endolymphatic hydrops in MD. 23 An association study has shown functional polymorphisms in the lymphoid protein phosphatase PTPN22 to be associated with bilateral MD. 24 Another case-control study has suggested single-nucleotide polymorphism (SNP) variants in the KCNE potassium channel genes (KCNE1 and KCNE2) to be associated with increased susceptibility to MD. 25 This has not been confirmed in an independent investigation that instead showed association between MD and several SNPs within the host cell factor C1 (HCFC1) gene. 26 A recent publication also failed to find the association between polymorphisms in KCNE1 or KCNE3 and MD in a Caucasian population. 27 We have previously identified a candidate region for familial MD (FMD) on chromosome 12p12.3 from linkage analysis using three large Swedish families segregating the disease. 28 Furthermore, affected individuals in two of the families share a single haplotype spanning the linked region, suggesting a possible ancestral mutation. To further investigate the chromosome 12p12 region in FMD, we performed a genetic analysis in 15 multiplex families segregating MD in at least two individuals. We performed allelic association and haplotype analysis using microsatellite markers spanning 16 Mb on chromosome 12p. Our results support an allelic association between FMD and several marker alleles and SNPs, as well as a specific chromosome 12p haplotype.
MATERIALS AND METHODS Subjects
Blood samples were collected from 15 families with two or more affected members (including a subset of three families that have been reported with linkage to 12p12.3 in our previous study). 28 Altogether, 24 affected and 14 unaffected individuals from the families segregating FMD were genotyped. Furthermore, a control group consisting of 31 ethnically matched family trios without any history of MD or partial MD symptoms were genotyped. All MD families and controls originated from Sweden and none of the families were known to be related. All individuals were clinically examined by CF or UF, and MD was diagnosed based on the diagnostic criteria of the Committee on Hearing and Equilibrium of the American Academy of Otolaryngology-Head and Neck Surgery. 29 Informed consent was obtained from all participants and the study was approved by the ethics committee at Uppsala University.
Mutation analyses
The candidate gene RERGL, situated between D12S1595 and D12S301, and the PIK3C2G gene, situated between GT14 and TG21AG12, were directly sequenced on genomic DNA from three affected probands sharing the associated 12p haplotype (MD24, F1V1, F2IV1) and four controls. PCR products of all exons, exon-intron junctions and untranslated regions were sequenced using dye-terminator chemistry and separated on an ABI 3700 (ABI, Foster City, CA, USA). A U2 small nuclear RNA reported (NCBI, Ensemble, USCS) to be located in the candidate region was also investigated by sequencing. Any sequence variation identified, either in coding regions or close to coding regions, were used for association studies. Possible splice site alteration were investigated with the Splice Site Prediction by Neural Network. 30 The primer sequences and the conditions for PCR are available upon request.
Allelic association and haplotype analyses
DNA was extracted from peripheral blood using standard protocols. Genotyping was performed using fluorescently labelled microsatellite markers as described previously. 31 Altogether, we genotyped 24 microsatellite markers spanning a 16-Mb region between marker loci D12S1695 and D12S1617. Seven of these markers are novel polymorphic di-, tri-and tetranucleotide repeats selected from NCBI, build 36.3 (primer sequences, allele distribution and PCR conditions available upon request). Primers were designed using Primer 3 software (Whitehead Institute for Biomedical Research, http://frodo.wi.mit.edu/primer3/). Haplotypes were generated using Cyrillic 2.1 program (Cherwell Scientific Publishing, Oxford, UK) and confirmed manually. Haplotypes were assigned as 'affected' or 'unaffected' according to the segregation with MD in each family. We generated 15 'affected' haplotypes each representing one MD family and 18 non-transmitted 'control' haplotypes. Moreover, 31 additional 'control' haplotypes were generated from unrelated non-affected families. Association between MD and individual markers/ haplotypes was determined using Fisher exact test (two-tailed) and P excess . Fisher exact test was calculated using a 2Â2 table with alleles classified into two groups, one for the associated allele, or haplotype, and all others combined into a single group according to the transmission/disequilibrium test. 32 P excess represents an estimate of the proportion of disease chromosomes carrying the associated allele and is calculated as P excess ¼(P a ÀP n )/(1ÀP n ) where P a is the frequency of the associated allele on disease chromosomes and P n is the frequency of the same allele on normal chromosomes. 33 SNPs identified by sequencing showing variation in our patient or control material were investigated for association to MD. The patient group consisted of probands from each of the MD families (n¼14). One proband from each of the unrelated non-affected families was used as controls (n¼18). We also compared the SNP genotype and allele frequencies with the HapMap Caucasian European from Utah (CEU) database (Utah residents with Northern and Western European ancestry from the Centre d'Etude du Polymorphisme Humain (CEPH) collection). Genotype frequencies of SNPs were compared by 2Â3 contingency tables (AA, AB and BB genotypes) and allele frequencies of SNPs were compared by 2Â2 contingency tables (major allele A versus minor allele B) using Fisher exact test (two tailed).
RESULTS

Mutation analysis
No sequence alteration was found in the RERGL gene or U2 small nuclear RNA in the three affected probands when compared with controls and public databases. No genetic variants showing variation in our patient material could be identified in the RERGL gene or U2 small nuclear RNA. Sequence analysis of the PIK3C2G gene identified 11 coding or non-coding SNPs, including two novel SNPs, c.*28A4del and c.*56G4A, in the 3¢ untranslated region, showing variance in our patient/control material. The novel c.*28A4del could possibly be the same as the reported SNP rs16914368 annotated as c.*28A4T. As the following base, c.*29, is a T, some sequencing methods would read c.*28A4del as c.*28A4T.
Allelic association and haplotype analysis The 15 families were investigated for the 11 markers included in the haplotype previously reported segregating with MD in two families. 28 To refine the region, we genotyped an additional 13 markers including six markers selected from public databases (NCBI, build 36.3) and seven novel polymorphic repeats. The previously reported shared haplotype in two of our families could also be confirmed and using the additional markers this shared haplotype now spans 1.6 Mb between marker D12S1630 and GT27. Allelic association and haplotype analysis were performed using in total 24 microsatellite marker alleles in order to investigate possible association with the 12p region in all MD families. Alleles from three individual marker loci, D12S363, D12S1595 and GATA20, showed significant allelic association to FMD ascertained by both P excess and Fisher exact test (P excess 40.4, Po0.05) to FMD (Table 1) . Furthermore, we analyzed the association of all continuous three-marker haplotypes in the region. Five threemarker haplotypes were significantly associated with MD with the strongest association obtained for the D12S1595-D12S301-TA35 haplotype (P excess ¼0.464, Po0.01, Table 2 ). This three-marker haplotype was present in 53% of the affected chromosomes and on 13% of the control chromosomes. The haplotype is flanked by several threemarker haplotypes showing allelic association (P excess 40.4, Po0.05) of which the three-marker haplotype TA35-TA171-TC33 is the most prevalent in FMD families (60%). Expansion of the haplotypes identified two overlapping haplotypes spanning seven markers (D12S363 to TC33, P excess ¼0.357, P¼0.011 and TA35 to GT11, P excess ¼0.333, Po0.01) each present in 40% of the MD families. Furthermore, 33% of the families, including the two families previously described, 28 share a haplotype comprising 11 markers (D12S363 to GT11, P excess ¼0.379, Po0.01; Table 2 ). Considering both single marker and haplotype associations, the region spanning 1.48 Mb between the markers D12S373 and GT27 is strongly associated with MD in the Swedish population. Two genes are positioned within this region, the RERG/RAS-like gene (RERGL) and the PIK3C2G gene. Furthermore, we investigated the association of 11 SNPs (rs55845540, rs11044004, rs7133666, rs34734874, rs12309666, rs12827507, rs11044211, rs61757718, rs35889592, and the two novel SNPs c.*28A4del and c.*56G4A) within the PIK3C2G gene. SNP analysis identified two SNPs (rs12827507 and rs11044211) flanking exon 29 of PIK3C2G, showing both genotypic and allelic association to MD compared with both our control material and HapMap CEU (Supplementary Table 1 ). These SNPs are however not situated close enough to exon 29 to cause any splice site alterations (rs12827507 acceptor splice site score of 0.98, rs11044211 donor splice site score of 1.00).
DISCUSSION
We present further evidence for a susceptibility locus behind FMD on chromosome 12p12. 3 using association analysis. Two out of three families in our previous study shared a single haplotype within the linked region and we investigated the region in a larger cohort of FMD using allelic association. Genotyping of individual markers revealed three alleles strongly associated with FMD, within the previously identified region on chromosome 12. Furthermore, several adjacent markers show relatively high degree of allelic association in the region. Haplotype analysis identified a region of 1.48 Mb between the markers D12S373 and GT27 on chromosome 12 strongly associated with FMD.
In conclusion, our results confirm the previously reported susceptibility locus for FMD on chromosome 12 and suggest an ancestral locus for FMD in the Swedish population. Two genes are positioned in the refined susceptibility locus, the RERG/RAS-like gene (RERGL), and part of the previously sequenced PIK3C2G gene. 28 RERGL binds to GDP/GTP and may possess intrinsic GTPase activity, making it another likely candidate for MD. 34 However, none of these genes show any sequence alterations in the coding sequences associated to MD. Non-coding or non-genic sequence alterations within the candidate region could not be ruled out. In fact two non-coding SNPs, rs12827507 (c.3889-41A4G) and rs11044211 (c.3964+25C4T), situated on either side of exon 29 of the PIK3C2G gene showed strong association to MD in our material. These were the only SNPs where the minor allele is associated to the MD haplotype and whether these confer to disease susceptibility remain unclear.
No gene causing non-syndromic hearing loss on 12p has yet been identified. However, in 2006, non-syndromic recessive hearing loss, DFNB62, was mapped to 12p13.2-11.23 in a Pakistani family. 35 This region includes the region identified in the Swedish FMD families. The audiophenotype of DFNB62 was congenital profound hearing loss, Familiar Meniere's disease D Gabriková et al but no vestibular dysfunction was described, making the probability that the genes are identical less likely. The failure to identify genes responsible for MD may suggest that the disease is a complex genetic condition with a contribution from coincidental gene variants. Alternatively, MD might derive from regulatory gene variants, which could explain the difficulty in identifying the underlying mutation(s) simply by examining coding or even transcribed sequences. Recent studies in mice and humans have established the importance of microRNAs (miRNAs) in the development and function of the inner ear. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Point mutations in the seed region of miR-96, an miRNA expressed in hair cells of the inner ear, result in autosomal dominant, progressive hearing loss. 43, 47 Mice mutant for several of the target genes for miRNAs exhibit deafness and hair cell degeneration, indicating the importance of this novel gene regulation in hearing loss. 48, 49 To date, no intragenic miRNAs are annotated in the region associated with MD in our families. Further analysis is now required to clarify the molecular basis of the chromosome 12p12.3 region in MD, possibly with an emphasis on non-coding and non-genic sequences such as the two associated SNPs reported herein.
